Introduction
============

Cancer is defined as uncontrolled, malignant cell proliferation caused by accumulated genetic or epigenetic mutations \["two hit"/"multi-hit" model [@B1]\]. Colorectal cancer is the third most common cause of cancer-related death in woman and the fourth leading cause of cancer mortality in males. Over 140,000 new cases of CRC is estimated for the U.S. in 2012 with disease-specific mortality of up to 60,000 reported in 2011. Colorectal cancer scan be classified as inherited (due to genetic instability), inflammatory (due to presence of chronic inflammation of gastrointestinal tract, e.g., Crohn\'s disease) or sporadic, which accounts for more than 80% of all CRC.

The latter group, sporadic CRC, is the focus of tremendous epidemiological research efforts with the goal to determine potential causative and risk associated factors for the disease. There are some large-scale, population-based studies that have reported several risk factors for CRC development; however, these studies are difficult to recreate within the laboratory. Complexity of carcinogenesis is the main reason for the challenges of epidemiological identification of causative factors and the subsequent laboratory-based testing of their direct involvement in malignancy. Thus far, these studies have pointed to high-fat diet, living in Western countries (which can be related to the diet of the western civilizations, diet higher in red meat and fats) and obesity as risk factors for CRC. On the other hand, vitamin D, high fiber diet and fish intake are associated with decreased risk of CRC. The long list of cancer risk factors continues to evolve, and in the past few decades has expanded to include infectious agents. A number of infectious agents are considered to be cancer risk factor due to the hypothesis-generating and supportive evidence accumulated to date.

It has been estimated that one fifth of all cancer is caused by some infectious agent(s). The role of viruses in human cancer, especially small DNA viruses (e.g., polyomaviruses, papillomaviruses and Epstein-Barr virus) including Merkel cell carcinoma, cervical cancer, Burkitt\'s lymphoma, Hodgkin\'s lymphoma, nasopharyngeal carcinoma is well recognized. In the last couple of decades, there has been accumulating evidence in the literature about the link between bacterial infection and cancer, particularly the association between *Helicobacter pylori* and gastric adenocarcinoma [@B2]. Association of medullablastoma and brucellosis was first discovered in the laboratory of one of the authors in this review paper [@B3]. In the case of CRC, the most recent list of acknowledged risk factors still does not include infectious agents, despite the current trend in the literature that supports this association. It is reported that viruses and bacteria can cause CRC through direct mutagenesis, secretion of mutagenic products and/or prolonged infection and accompanying inflammation that leads to increased epithelial cell proliferation. This increased cell proliferation, on the other hand, has the potential to preferentially select cancerogenic clones. Data available that addresses specific mechanisms remains limited and well-designed clinical trials with large patient populations to provide adequate statistical power are needed in order to adequately evaluate this hypothesis.

The incidence rate of CRC in the military service members differs from the general population because of varying exposure to risk factors predisposing to the disease. Therefore, caution is advised when translating epidemiological data from population on the whole to CRC incidence and prevalence rates amongst military service members. Very limited data exists comparing incidence rates of cancer overall in service members to civilians. Those data that do exist are derived from studies reporting that the incidence of CRC may be lower in the military than in the general population. One hypothesis is that these differences may reflect varying degree of compliance with CRC screening amongst the populations studied, emphasizing the need for increased CRC screening in the military health system [@B4]. Other probable reasons that may account for the observed difference in CRC incidence between the two populations are that service members comprise a younger patient population, generally more physically fit due to fitness requirements, with better access to the healthcare; however, data for veterans and retired service members may be incomplete due to their transfer of care to various civilian hospitals following completion of military service. The Center for Disease Control and Prevention reported that early detection of CRC decreases mortality, emphasizing that five year survival is 90 percent when CRC is detected early when node-negative and non-metastatic; unfortunately, only 40% of cases are identified at such an early stage [@B5].

The purpose of this review is to summarize and critically assess the current level of evidence that either supports or contradicts the hypothesis that certain bacteria and viruses contribute to the development of CRC. Herein, we specifically focus on clinical research completed to date, and the relevance of this hypothesis to the military health system.

Do bacteria cause colorectal cancer?
====================================

The human gastrointestinal tract is colonized by more than 100 trillion bacteria. This complex microbial community carries a rich and diverse microbial genome, the microbiome, with a tremendous metabolic potential to influence intestinal homeostasis and function. The colon is the part of the gastrointestinal tract that accounts for the majority of these bacteria. Specifically, the colon is populated with \~10^14^bacteria [@B6]. There was a generally accepted and well established opinion amongst biologists and medical scientists, that this bacterial "burden" is not harmful, on the contrary, very beneficial.

Resident colonic bacteria in fact provide nutrients to the colonic mucosa; they play a major role in the development and function of the mucosal immune system, prevent colonization with pathogenic bacteria, and help maintain the physiological microenvironment. Studies of bacterial species present under normal conditions and epidemiological studies of gastrointestinal cancers led researchers to propose a potential causal link between certain pathogenic bacteria and human CRC. One such contributory finding is the observed anatomic predisposition for the development of cancer, which can be correlated with the presence and quantity of bacteria; hence, the risk of developing CRC is 12-fold higher than that of other parts of the gastrointestinal tract (small intestine). This finding corresponds to a significant differential in number of bacteria per ml populating these two anatomic regions (10^12^ and 10^2^ in the colon and small intestine, respectively) [@B6]. Animal models have expanded our understanding of the gastrointestinal microbiome and its importance in the development of CRC showing much smaller incidence of CRC in germ-free, genetically susceptible animals for CRC than in those animals living in germ-present conditions; in addition some knock-out strains (i.e. TCRβ/p53 [@B7], IL-10 [@B8], Gpx1/Gpx2 [@B9], Gαi2 [@B10], Smad3 [@B11], Muc2 [@B12], Tgfβ1/Rag2 [@B13], IL-2/β2m [@B14]) have shown similar findings. The availability of genetically-engineered rodent models has greatly facilitated the etiologic study of CRC. However, despite the enormous efforts to explore the causal link between pathogenic bacteria and CRC, epidemiological data has not been easily reproduced within the laboratory, leaving room for various theories about bacterial involvement in colorectal carcinogenesis. However, recently it also had been sown, that paradoxical changes in nucleic acid damage could be observed in mice: infection-induced colitis by *Helicobacter hepaticus* revealed cell stress response with DNA-damage - a model which supports an inflammation-mediated carcinogenesis cascade [@B15].

Researchers have been able to identify some mechanisms by which bacteria could affect normal or susceptible cells and push them toward a malignant phenotype. An interesting experimental model for the involvement of the bacterial community in CRC development was proposed by Tjalsma et al. According to this model, named "driver-passenger" based on next generation genomic sequencing each of the stages of CRC development has a specific pathogen(s) associated with it [@B6]. As the CRC progress, bacterial populations associated with each cancer stage change with the natural history of disease, providing the necessary stimuli that further encourage cancer development and progression.

In last couple of decades, a multitude of clinical trials have been presented, indicating several infectious agents as potential contributors to CRC development. Even though, there is substantial epidemiological evidence pointing to an association of the gut microbiome with CRC, the composition of gut microbiota in CRC patients has yet to be adequately described. In 2012, researchers used a pyrosequencing approach to detect fecal bacterial diversity in 46 CRC cases and 56 healthy volunteers by profiling the V3 region of the 16S ribosomal RNA gene [@B16]. Amongst them, *Bacteroidesfragilis*, *Enterococcus*, *Escherichia/Shigella*, *Klebsiella*, *Streptococcus* and *Peptostreptococcusspp .*were significantly more abundant in the gut microbiota of CRC patients than in unaffected cases [@B16].

As a result of a large body of data derived from numerous clinical and laboratory trials, several bacteria have been identified and implicated in the development of CRC. These include: \[1\] *Streptococcus bovis*, \[2\] *Helicobacter pylori*, \[3\] *Escherichia coli*, \[4\] *Klebsiella pneumoniae*, and more recently, \[5\] *Fusobacterium*. We will focus on the clinical studies evaluating the importance of these specific bacterial - CRC associations and laboratory studies that provided mechanistic support for these potentially etiological relationships,.

Streptococcus bovis (biotype 1) /Streptococcus galloliticus
===========================================================

*Streptococus bovis* is one of the first bacteria suspected to be associated with CRC. *S. bovis* is a commensal bacterium, an opportunistic pathogen carried by about16% of the general population. The initial reports about its association with CRC date from the mid-1970\'s [@B17]. In later nomenclature, its name was changed from *S. bovis* (biotype 1) into *S. galloliticus*[@B18] based on its genetics and correlation with CRC. After meta-analysis of 11 studies linking *S. bovis* biotype 1, infective endocarditis (IE), and colorectal adenomas/carcinomas, the authors suggested separation of *S. galloliticus*subspecies *galloliticus* from *S.bovis*, due to its strong association with CRC (pooled odds ratio \[OR\], 7.26; 95% confidence interval \[CI\], 3.94-13.36) and IE (pooled OR, 16.61; 95% CI, 8.85-31.16), compared with the significantly increased, albeit lower OR of *S. bovis* biotype II-infected patients. Notably, CRC occurred more often among patients with *S. bovis* IE than among patients with *S. bovis* infection at other sites (pooled OR, 3.72; 95% CI, 2.03-6.81).

Since the mid-70\'s, several clinical studies evaluated the association of *S.bovis/galloliticus* with CRC and demonstrated different, if not contradictory results. The first indication that *S. bovis*could play an important role in CRC came from the epidemiological studies of patient populations with endocarditis and *S.bovis/galloliticus* bacteremia. It has been found that 25-80% patients with bacteremia and 18-62% patients with infective endocarditis have underlying colorectal tumors [@B19]-[@B23].

Retrospective analysis of a microbiology database with special focus on underlying gastrointestinal disease or other major comorbidities was performed on 46 patients [@B24]. Colonic neoplasms (adenocarcinoma in three and adenomatous polyps in three) were found in 6 of 10 adult patients in whom colonoscopic evaluation was performed. Gold conducted a trial of45 patients with *S. bovis/galloliticus* and an associated was identified between infection with these pathogens and with both colonic neoplasia (39% of adults underwent colonoscopic examinations) and extra-colonic malignancy.

A serological, Enzyme-Linked Immunosorbent Assay (ELISA)-based clinical study evaluated the presence of IgG for *S. bovis,*but did not show any statistically significant association between the presence of this bacterium and CRC. However, this was a small study of 16 cases and 16 matched case-controls which may have been under powered [@B25]. Evaluation of the presence of *S.bovis/gallactoliticus* in the feces of CRC patients and their matched controls showed no difference between these two populations [@B26]-[@B28]. These findings were confirmed in an independent study [@B29]. It has to be pointed out that these studies were all of small sample size, and utilized bacterial culturing techniques with well recognized limitations, as the indicator of bacterial presence.

Utilizing modern, molecular biology techniques, researchers have showed the opposite results [@B30] highlighting the importance of this bacterial-CRC association. These same authors evaluated the expression patterns of messenger RNA (mRNA) for pro-inflammatory genes, NF-κB and IL-8, and concluded that *S. bovis/gallactoliticus* potentially promote colorectal neoplasia by utilizing certain inflammatory, anti-apoptotic, and pro-angiogenic factors [@B31]. Boleij et al. (2012) used a multiplex approach for the serological detection of *S. bovis* in order to precisely detect infection and its association with CRC. They evaluated the presence of antibodies against 4 pilus proteins and showed dominance of one antibody to one of four pilus proteins rarely present in both Dutch and American populations [@B32].

When study conducted on larger patient populations, studies have shown strong correlation between *S.bovis/galloliticus* infections and CRC. A case-controlled study [@B33] showed that the prevalence of CRC was significantly higher in patients with SGG bacteremia than in 196 control patients (70% vs. 32%; odds ratio \[OR\], 5.1; 95% confidence interval \[CI\], 3.0-8.6). This difference was not significant when comparing non-advanced adenomas (19% vs. 12%). Importantly, significant differences in advanced adenomas (40% vs. 16%; OR, 3.5; 95% CI, 2.0-6.1) and invasive carcinomas (12% vs. 5%; OR, 2.9; 95% CI, 1.2-6.9) were reported.

In a laboratory setting, particularly for *in vitro* studies, much more consistent results have been obtained to provide confirmatory clues for the *S.bovis/galloliticus -*CRC association. These *in vitro*studies evaluated the ability of *S.bovis/galloliticus* to induce (pre)cancerous lesions, its ability to survive in the micro-environmental niche of the cancerous tissue [@B34], and its ability to form biofilms in the collagen matrices seen *in vivo* at damaged heart valves and (pre)cancerous sites with a displaced epithelium [@B35]. *S.bovis/galloliticus* were grown in spent medium of malignant colonocytes to simulate the altered metabolic conditions within the CRC microenvironment. *In vitro*simulations indicated that *S.bovis/galloliticus* had a significant growth advantage in these spent media, which was not observed for other commensal intestinal bacteria [@B34]. In a second study, Boleij et al. showed that *S.bovis/galloliticus*has low attachment capability and has advanced capabilities to form biofilm in collagen rich matrices. Interestingly, the bacterium does not enter epithelial cells, but it does possess the ability to \'para-cellularly\' cross epithelium without an IL-8 and IL-1β response [@B35]. All these data indicate that *S.bovis/galloliticus*have a set of virulence factors that allow it to trigger and/or promote CRC.

Helicobacter pylori
===================

*Helicobacter pylori*is classified as a class I carcinogen by the International Agency for Research in Cancer [@B36] due to the strong correlation between *H. pylori* infection and gastric cancer. *H. pylori*infections usually start at a young age and can last for prolonged periods of time, up to years and decades [@B37]. *H. pylori*a gram negative rod, is well adapted for life within the human stomach. It invades through a pH neutral niche between the mucus layer of the stomach and the gastric epithelium; it further has a set of adaptations which allows it to survive and modify innate immune responses [@B38]-[@B39]. Interestingly, *H. pylori*does not invade tissues. Also, it does not enter epithelial cells nor does it penetrate the basal membrane; however, *H. pylori*does cause prolonged inflammation [@B40] which is one of its proposed mechanisms for the development of neoplastic changes. Other mechanisms involve production of molecules that either have direct effect on epithelial cells (ammonia, cytotoxin-associated gene-A-positive (CagA^+^) or exert an indirect effect through stimulation of macrophage production of nitrates and free radicals.

Several studies evaluating the potential association of CRC and *H.pylori*infection have been done. In these studies, various methods for the detection of *H. pylori*infection have been utilized \[serology, polymerase chain reaction (PCR), histology, C14-Urea breath test\]. These various studies have led to different, at times opposite conclusions, even in cases where the same method of *H. pylori* detection was utilized.

Three studies [@B41]-[@B42], [@B43] evaluated if a difference in the bacterium, CagA^+^*H.pylori*versus CagA^-^*H. pylori,* has any effect on CRC and associated lymph node metastasis. CagA^+^*H. pylori*have been reported to induce greater degree of inflammation than the CagA^-^strain, which leads to chronic atrophic gastritis. Two of these studies had positive results, and one led to a negative conclusion. A prospective study of male smokers 50-69 years old did not show any statistically significant differences or neoplasia correlation in the serum from 118 cases and 236 matched controls. They stratified data per strain and per location of the tumor. On the basis of these data, *H. pylori* carriage does not appear to be an important risk factor for CRC. In this nested case-control study of older Finnish male smokers, however, *H.pylori*seropositivity was not significantly associated with overall or sub-site-specific risk incident CRC. These findings correlate with two other reported studies [@B44]-[@B45] and are contrary to the findings from two other studies [@B46]-[@B47]. These contradictory results could be due to differences in study design and number of participants.

A large cross sectional study of 2,195 patients showed the prevalence of colorectal adenoma and advanced adenoma was significantly higher in the *H. pylori* (+) than in the *H. pylori* (-) group (25.3% vs. 20.1%, p = 0.004; and 6.1% vs. 2.9%, p \< 0.001, respectively) and showed that *H pylori*presence is a significant associated risk factor, but with limited importance [@B48]. In Germany, one large study of 1,712 incident CRC cases and 1,669 controls [@B49], and another study of 384 incident cancer patients and 467 matched control subjects, [@B50] measured serum antibodies to *H. pylori* and CagA. Both studies showed that this bacterium may be associated with small but clinically relevant risk for the development of CRC. Interestingly, Zumkeller et al. showed that the IL-1 pro-inflammatory polymorphism in the population decreased the risk of CRC development. On contrary, group of 344 patents, 118 cases and 236 matched controls were assayed for both *H. pylori* whole cell and *H. pylori*CagA antibodies [@B51]. In total, 258 (73%) and 212 (60%) subjects expressed whole cell and CagA antibodies, respectively*. H. pylori*seropositivity, defined as one or both antibody assays positive, was present in 273 (77%) subjects. None of these values are statistically different, and the authors concluded that carriage of *H. pylori* is not a risk factor for CRC. From initially enrolled 1794 patients in two trials [@B52] cohort of 685 patients, who had serum samples available, have been followed for three years and screened for CRC. 239 patients were infected with *H. pylori* and had significantly higher serum levels of gastrin. In fully adjusted models, gastrin levels were not associated with incident adenoma development (risk ratio \[RR\], 1.10; 95% confidence interval \[CI\], 0.78-1.54) or advanced adenoma formation (RR, 0.82; 95% CI, 0.33-2.03). A positive *H. pylori* serology was associated with a decreased risk for adenoma formation (RR, 0.76; 95% CI, 0.60-0.96) suggesting that no correlation can be made between gastrin levels, *H. pylori* infection and CRC.

Three meta-analyses have been reported evaluating 11, 13 and 14 human clinical trials, respectively [@B53]-[@B55]. Zumkeller et al. reported negative results indicating the possibility of bias in some of the analyzed individual studies. Two other studies confirmed the significantly increased risk of CRC in patients with *H. pylori* infection. More case controlled studies with larger patient cohorts are needed in order to allow definite conclusions about the apparent strong relations reported in some studies between *H. pylori*infection and CRC. The reported increase in *H. pylori* infections observed in young military service members [@B56]-[@B58] might have a significant impact on the long term survival of this patient population in the forthcoming decades.

Other bacteria
==============

*Klebsiella pneumoniae* is a Gram-negative, non-motile, encapsulated, lactose fermenting, facultative anaerobic, rod shaped bacterium found in the normal flora of the mouth, skin, and intestines [@B59]. It is most commonly associated with pneumonia and is a common cause of infections in the urinary tract, lower biliary tract, and surgical wound sites. Pyogenic liver abscess (PLA) is caused by bacteria and depending on the geographical data, most commonly isolated bacteria from pyogenic liver abscesses are *E.coli* for the western countries and *K. pneumoniae* for the eastern populations. Since the 1990s, there are more reports showing that *K. pneumoniae*is the most common cause of PLA within western countries as well [@B60]. There are a number of case reports showing a positive correlation between PLA caused by *K. pneumoniae* and CRC. In one meta-analysis, 30 case reports were identified and analyzed along with two case-controlled studies [@B61]. Researchers found strong correlation between *K. pneumonia*-caused PLA and CRC and they reported isolation of these bacteria from 50% of this patient population. A case controlled study comparing CRC occurrence in patients with cryptogenic PLA was conducted on 230 patients [@B62]. Of those, 81 patients were categorized as cryptogenic PLA and 37 of them underwent colonoscopy. Seventy seven percent of the patients with CRC, laterally spreading tumor or colon ulcers were tested positive for K. pneumonia in the abscess samples. A retrospective study was conducted on 2,294 patients [@B63] of which 1,194 (52%) had *K. pneumoniae* infection. During a 10-yearfollow-up period, 54 (2.3%) patients were diagnosed with CRC, corresponding to an overall incidence rate of 669.1 (95% confidence interval \[CI\], 490.7-847.6) per 100,000 person-years. The adjusted hazard ratio of CRC was 2.68 times greater for patients with *K. pneumonia*PLA than for those with non-*K. pneumonia*PLA (95% CI = 1.40-5.11). There is very limited mechanistic data to support these findings, even though there is an increasing body of evidence about the positive correlation between *K. pneumonie*PLA and CRC.

*Fusobacterium spp.* recently made its way to the prestigious journal, Nature Reviews Gastroenterology and Hepatology after several publications correlated its presence with CRC. *Fusobacterium* is the genus of anaerobic, Gram-negative bacteria rod-shaped bacilli with pointed ends. Strains of *Fusobacterium* contribute to several human diseases, including periodontal diseases, Lemierre\'s syndrome, and topical skin ulcers. Although older resources have indicated that *Fusobacterium*occurs commonly in the human oropharynx, the current consensus is that *Fusobacterium* should always be treated as a pathogen. In 2011, researchers discovered that this bacteria flourishes in colon cancer cells, and is often also associated with ulcerative colitis. However, researchers have not determined if the organism actually causes these diseases or if it simply expands in the environment that these diseases create. In contrast to *Bacteroides* spp., *Fusobacteria* have a potent lipopolysaccharide. Two studies used the same methodology to detect *Fusobacterium spp* in CRC. One group used DNA markers to detect the presence of bacteria [@B64] while the second group used RNA sequencing [@B65] to detect bacteria. Both groups came to the same conclusion: *Fusobacterium spp*. [@B64] and *Fusobacterium nucleatum*[@B65] are strongly correlated with CRC. The latter group showed its importance in metastasis of CRC to lymph nodes.

Viruses and colorectal cancer
=============================

Since the discovery of Rous sarcoma virus in 1911, numerous viruses were detected and proven to cause some type of cancer. A monumental breakthrough was made in the mid-1960s with the discovery of Epstein-Bar Virus and its correlation with Burkitt\'s lymphoma. Since then, numerous studies have focused on the link between viruses and human carcinomas and the mechanisms of cell transformation caused by viruses. A causal link between viruses and human cancers was established for nasopharyngeal carcinoma, post-transplant lymphomas, and some Hodgkin\'s lymphomas, liver cancers, cervical cancer, and squamous cell carcinoma.

Several mechanistic studies provide evidence for viral-induced transformation and malignancy. Along with the evaluation of mechanisms, viruses eventually became a very useful \'dissecting tool\' for understanding cell cycle and protein interactions. Despite many differences between human oncogenic viruses, there is at least one common feature to efficiently transform the infected cells: targeting important cellular signaling pathways through virus-encoded oncoproteins. There are many cellular pathways that regulate cell-fate, with numerous opportunities for tumor viruses to manipulate these pathways in order to promote virus-mediated cancers. These viruses are capable of deregulating tumor suppressor genes; inducing chromatin remodeling and regulating cellular transcription; modulating the inflammatory response and modulating COX-2 in regulating this response; targeting tumor suppressors (i.e. p53 and Rb), various signaling pathways like Notch, JNK, and the cyclin-CDK pathway [@B66]-[@B67].

Several viruses were suggested to be the risk factors for CRC. Among them, John Cunningham virus (JC virus), BK virus, Human Cytomegalovirus (CMV), Human papilloma viruses (HPV: particularly type 16 and 18) have the largest number of reports. However, there are a smaller number of studies evaluating the role of viruses in CRC compared to other risk factors. In addition, these studies usually report contradictory results, have small patient populations or sample numbers, and as such, no definite conclusions have been made between the particular virus of interest and CRC.

Human polyoma viruses (JC virus)
================================

JC virus is the member of polyomaviruses, small double stranded linear DNA viruses. JC virus is present in 80% of population. It is present in the kidneys where it remains latent in healthy individuals. In the immune compromised hosts (e.g. organ transplantation recipient, or HIV seropositivity) it becomes reactivated. Its genome encodes for the large T-antigen protein that can interact with p53 and pRB (tumor suppressor proteins) as well as other key signaling pathways.

The first reports suggesting that JC virus can play role in human CRC date from 1999 [@B68]. Shortly after this, more studies have reported an association of JC viral infection with CRC. Casini et al. reported that 16 out of 18 patients (88.9%) have been positive for the presence of JCV DNA, assessed with three techniques, PCR, Northern blot and *in situ* hybridization, within the primary tumor mass and peri-tumoral tissue [@B69]. A study of 27 patients, found 22 to be JVC positive. Expression of the viral oncogenic early protein, T-antigen, and the late auxiliary protein, Agnoprotein, was observed in \>50% of the samples, also showing that JCV can interact with β-catenin, which in turn dysregulatesthe Wnt pathway and finally the c-myc promoter [@B70]. T-antigen has been reported to cause chromosomal instability [@B71] *in vitro* and JCV T-Ag DNA sequences were found in 77% of CRCs studied; and 56% of these cancers (or 43% of the total) expressed T-Ag by IHC. A study from Taiwan, which was conducted on formalin-fixed, paraffin-embedded tissues from 22 colon cancer patients, identified genomic DNA in 86.4% (19/22) of the CRC tissue samples. This study also identified expression of viral early protein, but not structural capsid protein, in the examined colon cancer tissues [@B72]. When the upper and lower parts of the gastrointestinal tract (small intestine and colon) are studied and compared for the presence of the JC viral DNA, researchers found 75.8% of immunocompetent patients (70.6% of upper GI and 81.2% of colonic samples) to be carriers, leading the investigators to hypothesize that the gastrointestinal tract acts as a reservoir of JC viruses [@B68], [@B73].

Immunohistochemical staining was performed on 74 paraffin-embedded adenomatous polyps to localize T-Ag expression in the adenomas using a monoclonal antibody, which was then confirmed by PCR and sequencing. Microsatellite instability analysis was also conducted in a pentaplex PCR and analyzed for deletion mutations. JCV T-Ag sequences were found in 82% (61 of 74) of adenomas, and T-Ag protein was expressed in 16% (12 of 74) of these polyps. The T-Ag staining was localized exclusively within the nuclei of adenoma cells, but never in the cytoplasm or the adjacent non-neoplastic cells.

JCV T-Ag DNA sequences are frequently present in adenomatous polyps of the colon, and T-Ag is expressed specifically in the nuclei of these pre-malignant lesions, indicating that JCV T-antigen is present in the early stage of colonic carcinogenesis [@B74]. JCV is identified in 26% of the patients using modified PCR reaction, to include topoisomerase, is used to decipher between cancer tissue and adjacent mucosa. Modification of the PCR reaction was showed to improve the ability to detect supercoiled viral DNA several fold. Increased percentage of detected viral DNA in CRC cells increased from 26% to 89% of the samples (both cases and controls) with this technical modification [@B68]. In a study conducted on 23 carcinoma patients, 21 adenoma patients and 20 controls [@B75], JC virus was identified in 26%, 5% and 0%, respectively. Theodoropulos et al. reported that 61% of 80 patients with carcinomas, 60% of 25 patients with adenomas, and 30% of controls were PCR positive for JC virus. More importantly, a viral load of 9x10^3^ and 20x10^3^copies/µg DNA of adenocarcinomas and adenomas were detected, respectively. Adjacent normal mucosa in 35 positive colon adenocarcinoma specimens, and normal mucosa from six patients of the control group, had low viral loads 50-450 copies/µg DNA [@B76]. Interestingly, PCR without adjustment with topoisomerase [@B77] showed statistically higher number of JCV copies in cancer than in non-cancerous tissues with a much higher relative number of copies/µg of DNA (49.1 to 10.3x10^4^ in cancer tissue compared to 9-20x 10^3^ in Theodoropoulos\'s study).

Similar to the *S.bovis/galloliticus*, there are researchers that propose only certain strains of JC virus are associated with CRC. This strain is Mad-1. In a study of 285 recombinant clones from the JCV TCR, 157 from non-neoplastic samples, and 128 from colon cancer tissues Mad-1 was responsible for the 98 bp deletion exclusively in CRC, and it was never found in non-neoplastic cells [@B78].

Human papillomavirus (HPV)
==========================

Human papillomavirus (HPV) is the non-enveloped, double stranded DNA virus that infects the basal-layer of epithelial cells. There are a large number of HPV types with more than a dozen that are correlated with carcinogenesis (i.e. HPV type 16, 18, 31, 33, 35) and are classified as "high-risk" oncogenic infections. However, the carcinogenic potential of each strain varies. Of all the human papilloma viruses, HPV 16 and HPV 18 are considered to be the most carcinogenic with proven causal role in cancer development. These HPV types are strongly associated with cervical cancer; in one series, with more than 98.7% of all cervical cancer cases tested positive for HPV 16, 18 or both [@B79]. A mechanism by which HPV causes cancer has been described. It involves viral early proteins E6 and E7 that were reported to interfere with tumor suppressor genes p53 and pRb. These proteins also interfere with telomerase and cause activation of cyclooxygenase 2. Taken together, the effects of HPV infection lead to cell-cycle dysregulation, and finally to immortality of the cells. *In vitro,* E6-associateed protein has also been reported to interact with p53, increasing the ability of E6 to interfere with p53, and increasing degradation of p53, bringing even more variables in to the process of carcinogenesis [@B80]; similarly E6-E7 fusion protein is involved in targeting pRb ubiquitination [@B81].

Due to nature of the virus, the majority of studies have used PCR and Southern blotting to detect the presence of HPV in the clinical samples. Other methods like ELISA and IHC were proven to be useful and sufficiently sensitive. An interesting study was conducted on DNA extracted from 109 formalin-fixed, paraffin-embedded tissue sections of colorectal adenomas and DNA was analyzed by PCR and Southern blot hybridization [@B82]. In that study, also correlations of HPV types (HPV 6, 11, 16, 18, and 33) with histological adenomas adenoma sub-type were analyzed. Twenty-eight percent of all samples tested positive for presence of HPV DNA. Of 38 tubular adenomas, 40 tubulo-villous adenomas, 31 villous adenomas, 8, 13 and 10 were positive for the presence of viral DNA, respectively. All HPV-6 (11-positive cases) were tubular or tubulo-villous adenomas. Most HPV-16 infections (8/12) were seen in villous adenomas. Human papilloma virus-positive adenomas included three (8%) of 38 that showed mild dysplasia, 10 (25%) of 40 that showed moderate dysplasia, and 18 (58%) of 31 that showed severe dysplasia. This is an important correlation between histological types of cancer with HPV-16. In addition, the association made between histological grade of epithelial dysplasia and HPV DNA is an important finding. In the colon, it has been reported that HPV can infect both normal, healthy mucosa and cancerous epithelial cells. This study was conducted on a small number of cases, 19 CRC patients, and the presence of viral DNA was confirmed both with PCR and Southern blotting [@B83].

A very informative clinical trial described below confirmed some of the previous laboratory findings. In order to investigate the association between HPV infection and CRC and gain more insight into mechanisms of carcinogenesis, 69 patients with pathologically confirmed primary CRC including 6 Stage I, 24 Stage II, 21 Stage III, and 18 Stage IV patients were enrolled into the study [@B84]. Of the 69 colorectal tumors, HPV16 DNA was detected in 16% by nested-PCR, and HPV16 DNA was present in 73% of tumors, which was confirmed by in situ hybridization. The presence of HPV16 DNA in colorectal tumors was not associated with patients\' clinical parameters including age, gender, smoking status, tumor site; however, HPV16 infection was more common in earlier stage (Stage I) patients than in later stage patients (Stage II, III and IV). This study identified the presence of E6 oncogene in 73% of HPV16 DNA-positive tumors and adjacent normal tissues including endothelial cells, lymphocytes, fibroblasts, and gland cells. Seventy-five percent of E6-positive tumors carried the p53 wild-type and had negative immunostaining for HPV16, but one tumor had less p53 immunostaining. Quantitative Real-Time Reverse Transcription PCR (qRT-PCR) analysis indicated that p21(regulator of cell cycle progression) and mdm2 (an important negative regulator of the p53 tumor suppressor) mRNA expression levels in E6/p53-wild-type tumors were significantly lower than in their adjacent normal tissues; as expected, E6-positive/p53-mutated tumors had lower p21 and mdm2 mRNA expression levels compared with their adjacent normal tissues, clearly indicating that the E6 oncoprotein expressed in p53 wild-type tumors may reduce p21 and mdm2 expression via p53 inactivation. The presence of the viral DNA in the normal mucosa implies that HPV is one of the factors correlated with CRC, however, these results have to be interpreted with caution since some reports show that infections with high-risk HPV is not sufficient to cause malignant transformation [@B85].

In a meta-analysis of nine case controlled-studies [@B86], researchers estimated Odds Ratio (OR) associated with HPV in CRC ranged from 2.7 to 9.1 (95% CI=1.1-6.2 and 95% CI=3.7-22.3). The same authors conducted a case controlled study of individuals with colorectal adenomas (n = 167), hyperplastic polyps (n = 87), and polyp-free controls (n = 250). Presence of HPV16 and HPV18 DNA and plasma antibodies for oncogenic HPV types were examined. Contrary to previous studies, HPV DNA was not found in any of the 609 successfully assayed colorectal tissue samples from adenomas, hyperplastic polyps, normal biopsies adjacent to polyps, or normal biopsies of the rectum of disease-free controls. Furthermore, no association was found between all oncogenic HPV types combined, for any polyp type, and for both genders. The only positive correlation between seropositivity and hyperplastic polyps when all oncogenic HPV types were combined (OR = 3.0; 95% CI: 1.1-7.9), was found when analyses were restricted to participants without a history of polyps, among men \[adenomas (n = 31), hyperplastic polyps (n = 28), and controls (n = 68)\] [@B87]. The authors concluded that there is insufficient evidence to support a correlation between CRC and the presence of HPV, and they recommended continuing research in this regard.

Cytomegalovirus
===============

Human cytomegalovirus (HCMV) is carried by 50-80% of the population in the US. It is endemic in the human population worldwide and it can cause life-threatening disease in immunosuppressed adults. It has been shown *in vitro* to transform cells. Cobbs et al. used molecular biology and ICH methods to test hypothesis that HCMV is associated with CRC. They collected cancer tissues with adjacent normal cells from 29 patients. They found that 82% of colorectal polyps had IE1-72 protein and protein pp65 was evident in 78% of colorectal polyps. IE1-72 protein is shown to inhibit p53 action by preventing or disrupting p53 binding to p53-specific DNA sequences [@B88], and pp65 is integument protein involved in immune evasion [@B89]. They showed slightly higher incidence, 92% of pp65 in adenocarcinomas, while IE1-72 had the same incidence of 80%. None of the adjacent normal cells were positive for any of these two proteins (total nine patients). The same group showed *in vitro*that HCMV can induce genes that are contributing to cancer progression (Bcl-2 andCOX2). A larger study of163 CRC tissues and non-neoplastic adjacent tissues as controls were tested for the presence of HCMV [@B90]. Results showed HCMV DNA (PCR), was detected in 42.3% (69/163) of the tumor specimens, while only 5.6% (14/163) of samples of adjacent non-neoplastic tissue were positive for HCMV (p\<0.0001). Quantitative real-time PCR in 54 sample pairs revealed significantly higher viral copies in the tumor specimens than the adjacent non-neoplastic tissue specimens (p\<0.001). By ISH, the nucleic acids of HCMV were detected in the cytoplasm of neoplastic epithelium. No hybridization was detected in the inflammatory infiltrates, sub-mucosa, or other stromal tissues.

Similarly to opposite findings for the role of other infectious agents in the development of CRC, there are studies reporting contradictory results in case of HCMV. Akintola-Ogunremi et al. and Bender et al. reported negative findings. Twenty-three colorectal hyperplastic polyps, 65 colorectal adenomas, and 51 colorectal adenocarcinomas were examined by immunohistochemical analysis using two antibody mixtures that recognize CMV immediate-early, early, and delayed gene products [@B91]. Negative results observed in ICH were confirmed with PCR. Another PCR-based study, specifically, nested PCR for HCMV, did not show significant correlation between presence of the virus and CRC. Only 5% of adenomas and 21% of moderately differentiated adenocarcinoma were positive [@B92]. No PCR positivity was obtained in samples from well and poorly differentiated adenocarcinomas. None of the authors however, excludesthe fact that the virus may present a \"hit and run\" like-mechanism and that HCMV can only be detectable at a particular stage of a progressing adenocarcinoma. They suggested that a significant number of CRCs might have been the subject of HCMV infection that could contribute to triggering events for oncogenic differentiation.

Discussion
==========

CRC is a major problem in the medical field taking hundreds of thousands lives worldwide each year. It is the third most common cause of death amongst cancer patients. Carcinogenesis is a multi-step/multi-factorial process, which makes it difficult to epidemiologically evaluate or mimic precisely in a laboratory setting. It is known that only 3-5% of all CRCs are caused by hereditary factors, with the remainder of all CRC\'s being sporadic. Even though, epidemiological studies are difficult to conduct, some large population-based studies did identify high fat diet, Western civilization life style as risk factors. Associations between some bacterial and viral infections and CRC were made several decades ago. Infectious agents have been reported to be cause of a number of human cancers such as Merkel cell carcinoma, cervical cancer, Burkitt\'s lymphoma, Hodgkin lymphoma, and nasopharyngeal carcinoma. Those cancers are usually caused by small DNA viral infections with well described mechanistic data to support these findings.

Contrary to other cancers, the link between infectious agents and CRC has not been well described. This might be due to the mainstream opinion that was established a long time ago, that commensal bacteria have beneficial, symbiotic effects, as they are actively involved in the development and maturation of gut mucosa, prevention of infections with "bad" bacteria and in the degradation of metabolic byproducts. Over time, several observational and clinical studies indicated that bacteria and viruses may be an etiological link in the development of CRC. Early studies had their limitations, especially in prospective studies evaluating live fecal cultures in patients with CRC (i.e., these studies have been able to identify only living organisms, that are not attached to the tissue). With modern molecular biology techniques now available, we have new insights into bacterial and viral involvement in CRC. However, these studies have limitations as well. Sequencing of the microbiome is another approach that seems to be useful in identifying bacteria associated with CRC, which will when coupled with clinical data provide a better understanding of so-called "good" and "bad" bacteria. This approach will eliminate the need for live bacterial culturing and provide a better understanding of bacterial flora within the colon and its possible link with CRC. Although it will be an immense challenge to sort out what data derived from a gut microbiome sequencing activity will really be actionable or meaningful in terms of drawing conclusions (vs. data noise). Another important point to consider in these future studies is a very stringent definition that infectious agents have to meet in order to be classified as cancerogenic. This definition states that to prove a causal relation between infection and cancer, given bacterium must be present in all cases, it must be isolated from the host and grown in pure culture, specific disease must be reproducible in a healthy susceptible host, and the bacterium must be experimentally recoverable from the host [@B93]. This is clearly contradictory to the "hit and run" model for viral and the "driver-passenger" model for bacteria, which proposes a dynamic process involving infectious agents in cancerogenesis.

Decreasing the number of deaths from CRC relies in part on screening, early detection, removing polyps in the pre-malignant stage, and early treatment of the disease. Regular screening could decrease mortality by 60%, yet less than 40% percent of CRC is detected early enough for curative treatment [@B94]. When CRC is found and treated early, the five year survival rate is as high as 90 percent [@B95]; unfortunately, only 40% of cases are identified at an early stage [@B96].

The U.S. active-duty military population may differ from the U.S. general population based on unique exposure to cancer-associated risk factors in the line of duty during out-of-country deployments. There are only a few studies that were conducted comparing cancer development between these two populations. One study [@B4] compared the incidence of four cancers common in U.S. adults (lung, colorectal, prostate, and breast cancers) and two cancers more common in U.S. young adults (testicular and cervical cancers) in the military and general populations. Data was obtained from the Automated Central Tumor Registry (ACTUR) of the Department of Defense and the nine cancer registries of the Surveillance, Epidemiology and End Results (SEER) of the National Cancer Institute between the years 1990 to 2004 for persons with ages 20 to 59 years. The authors reported significant differences in cancers incidence rates of several cancers between the civilian and active-duty military population. They reported lower incidence rates in the military population for colorectal cancer among Caucasian man compared to appropriately matched civilians, but only hypothesized about reasons for such finding. Authors suggested that these results could be due to generally more fit population, more stringent diets, lower obesity rates (weight requirements) and more frequent screenings since military members have free access to health care. Large, 2750 cases study was conducted in the U.S. Air Force active duty personnel [@B97]. Authors standardized incidence ratios using US national incidence rates as reference for period 1998-2002. Colorectal cancer was reported to be seventh most common cancer in man and sixth most common cancer among women. Similar the conclusions of Zhu et al., Yamane concluded that there is significant difference amongst in cancer incidence rates between active duty Air Force personnel and civilians [@B97]. However, according to 2009 Humana Military\'s Clinical Quality Report Card (<http://www.humana-military.com/library/pdf/qm-report-card-2009.pdf>) screening rates remain low, less than 60%.

Service members particularly during deployment to foreign countries come into contact with various pathogens, and consequently develop infections. In one study conducted in Hungarian military service members [@B58] it\'s been reported that almost 30% of the young, *H.pylori*sero-negative, recruits(18-23 years old) convert to *H.pylori*sero-positive after completing either their 9-month or 6-month military service was 30% (CI95%: 25-35%) and 23% (CI95%: 8-45%), respectively. For example, during 7.5 months of deployment in Operation Desert Storm, close to 5% of the deployed service members that were sero-negative for *H. Pylori*sero-converted with calculated 7.3% conversion rates over a one year period [@B57]. Importantly, all seroconverted service members were young 20-25 years old and had acute infection as defined by sero-conversion, and appeared to be asymptomatic. One study reported *H. pylori* in 26% of US Army recruits and 25% of USN surface fleet personnel compared to\<10% of U.S. Navy submarine personnel [@B56]. Even though it was considered that most of *H.pylori* infections occurred before adulthood [@B98], they reported that almost 2% sero-negative deployed service members converted to sero-positive during short \~6-month of deployment. Combined with the presented data, we hypothesize that young service members may become more susceptible to later gastrointestinal disease (IBD, Crohn\'s disease and CRC).

We are outnumbered by our own microbiome and it is naive to underestimate the role of microorganisms present "in" and "on" our body and the risk of developing cancer. Clearly, more research is needed and warranted in order to better understand the association between infectious agents and human cancer development. This knowledge will lead to the development of improved and targeted therapeutics for human cancers and may save more lives amongst those afflicted by malignancy.
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